Abstract. Data fusion is the study of optimal information processing in distributed multisensor environments with the benefits of more reliable detection and higher immunity to noise and sensor failures. We investigate applications of the data fusion principle to the handoff problem in popular code-division multiple access (CDMA) cellular wireless communication networks. When a mobile station traverses a cell boundary, cell handoff is required to make the transition of a mobile between cells smoother without degrading performance. CDMA multiple access allows soft handoff, in which the signal strength of the mobile is detected and tracked by the searchers from more than one base station. The cell receiving the strongest signal strength handles signal processing. We demonstrate that the signal detection quality in the handoff region can be further improved by fusing the detected results from multiple base stations. A new fusion handoff strategy is designed, and its error performance measures are derived analytically in the presence of log-normal shadowing. Theoretical fading margin analysis shows that the fusion handoff approach offers better network performance over conventional hard and soft handoffs.
Introduction
In a cellular wireless communication network, coverage is divided into cells, each having a base station ͑BS͒ to transmit and receive signals with mobile stations ͑MS͒ within the cell. The signals are then relayed via a mobile switching center to the backhaul switching network, which handles call processing and billing, etc. When a mobile station traverses a cell boundary, it is required that the user be connected to another base station for better link quality. The process of switching base stations is called handoff. The handoff process consists of two stages: link quality evaluation and handoff initialization, and allocation of radio and network resources. 1, 2 For terrestrial wireless transmission in cellular and PCS communication services, a principal challenge that limits the system performance and capacity stems from the physical properties of the communication channel, which can include impairments such as multiple-access cochannel interference, multipath fading, shadowing, and distance path loss. 1 Multiple-access interference and multipath fading can be effectively mitigated by advanced signal processing techniques such as multiuser detection, 3 diversity combining, 4 and error control techniques. 5 The handoff process, on the other hand, mainly targets the shadowing effect and distance attenuation by intelligent utilization of base station diversity.
Code-division multiple access ͑CDMA͒ is a widely adopted multiple access technique in current and nextgeneration cellular communication networks. It allows multiple users to share the same frequency and time channel while being distinguished by unique spreading codes. Universal frequency reuse makes it possible for a mobile user to receive and send the same call simultaneously from and to more than one different base station. Since its market introduction in the early 1990s, CDMA has been considered to offer the best combination of system quality and capacity. CDMA implementation of handoff is called soft handoff, where the handoff transfer is achieved gradually and allows the handoff mobile stations to connect to multiple base stations during handoff. The cell receiving the strongest signal strength handles signal detection. For the reverse link where the mobile station sends data to the base station, the signal strength of the mobile is detected and tracked by the searchers from more than one base station. The different base stations will normally decode the signals independently. Should they decode a given frame or message differently, it will then be up to the switching center to arbitrate. On a frame-to-frame basis, the better instantaneous frame received by either base station is accepted by the network. This feature, accompanied with proper power control, provides a more reliable handoff and more than doubles capacity of a heavily loaded system.
The fact that CDMA has become the de facto technology for third generation wireless systems motivates the development and evaluation of better handoff detection schemes. Different from the signal processing procedure in soft handoff, we propose a fusion handoff approach in which the information from multiple cell sites is combined to mini-mize the tracking error using data fusion rules. In the uplink, instead of communicating detection decisions, each base station only transmits the demodulated predetection signal to a switching center, which performs the signal detection using appropriate fusion rules. Performance gain is achieved by optimal combining of the information diversity distributed among different base stations, at the expense of increased complexity and computational load at the switching center. In microcells, especially in PCS systems, the cell size becomes very small; the base stations should be inexpensive. With base stations reduced to just antennas, the signals are sent to the switch through a fiber link even before any demodulation. The overhead required for fusion becomes less significant. The complexity increase can be justified if there is a significant improvement in the overall performance. It is therefore important to understand how different handoff schemes perform under various system and wireless link conditions.
In Sec. 2, we describe the signal model in the presence of log-normal channel shadowing. Section 3 presents the procedures and the performance evaluation results of different handoff strategies, including hard, soft, and fusion handoffs. The performance comparisons are numerically depicted in Sec. 4 and a summary is given in Sec. 5. The detailed derivations of performance measures are documented in the Appendix in Sec. 6.
System Model
In the analytic model, we assume a virtually unloaded system where there is a single user transmitting to multiple contiguous base stations in the presence of background noise only, with no other users present. The mobile radio channel attenuation is subject to fast fluctuations around a slowly varying mean value. The slow-varying signal power attenuation due to propagation loss is generally modeled as the product of the m'th power of distance and a log-normal component representing shadowing losses. The more rapidly varying Rayleigh fading loss, and other channel distortions such as multiple access interference, should be mitigated in the demodulation process and therefore are not included here. Thus, for a user at a distance r from a base station, attenuation is proportional to
where r is the distance to a specific base station normalized by the cell radius, and is the decibel attenuation due to shadowing, with zero mean and standard deviation , which represents the error between the actual and estimated path loss. The path loss exponent m is a constant typically ranging from 3 to 8, depending on the propagation environment. Any handoff analysis involves comparison of propagation losses among two or more base stations. Thus the model must consider the dependence of the propagation losses from a mobile user to two different base stations. Assuming a joint Gaussian probability density for the decibel losses to two or more base stations, the random component of the decibel loss for the i'th base station (i ϭ1,2, . . . ) can be expressed as
where and i are independent Gaussian random variables with zero mean and equal variances 2 , and a 2 ϩb 2 ϭ1, 0рa,bр1. The variable represents the near-field component of the user that is common to all base stations, and i pertains solely to the receiving base station and is independent from one base station to another. Without loss of generality, we limit our discussions to two base stations (iϭ1,2) only. Moreover, we consider the worst-case scenario of handoff at the cell boundary, which leads to normalizing the cell radius to rϭ1 and eliminating this term in the attenuation model in Eq. ͑1͒. While the knowledge of 2 and a,b is not required during the handoff, they are considered known in our performance analysis.
The received signal power at each base station P i is a random variable expressed by
where P o is the reference transmission power ͑constant͒ without shadowing distortion, and P o,dB , P i,dB are the corresponding powers measured in decibels. Relating the transmission powers to symbol energies, we have E i ϭ P i T and E o ϭ P o T, where T is the symbol period. At each time instant k, the received signal waveform at each site can be described by
The received signal energy is a random process due to shadowing, and the instantaneous symbol energy, in decibel, is related to its reference value by E i,dB ϭE o,dB Ϫ i . For simplicity, we assume binary data communication. The transmitted message data d(k) is binary ͑1 or Ϫ1͒, and n i (k) is additive white Gaussian noise ͑AWGN͒ with zero mean and the same variance n 2 ϭN/2, where N is the noise power spectral density. Each of the observations y i (k) is a sufficient statistic of detecting d (k), in the sense that it contains sufficient information for making an optimum decision on d (k) under the AWGN assumption. Without raising any confusion, we drop the time index k from now on.
Assume the user requires a minimum received signal power for adequate quality of service. The user suffers an outage event at a given time if its instantaneous signal power is less than the desired level. The user-specific outage probability is averaged over its call duration time. We require that the link achieves at least the performance of unshadowed propagation all but a fraction P out of the time, which denotes the outrage probability. A margin ␥ dB must then be added to the transmitted power. Handoff algorithms may be based on various criteria, such as the distances between the mobile station and surrounding base stations, the signal strengths that the MS receives from BSs, 6 and the bit error rates. The typical problem is to calculate the outage probability in the presence of log-normal signal power fading. To measure the handoff quality, we also use the achievable bit error rate, which is defined to be the error Tian and Chang: Multistation data fusion . . .
probability P e ϭPr(d d) in a typical communication system. In the forthcoming section, we evaluate the system performance measures in terms of the outage probability and the error probability for different handoff schemes, including the existing hard and soft handoff, and our proposed handoff approach with data fusion.
Throughout the rest of the work, the variables x, y, and z are reserved to represent random Gaussian variables with zero means and unit variances. We employ the notation E x,y,z ͕ f (x,y,z)͖ to represent the ensemble mean of an expression f (x,y,z), that is,
Fusion Handoff
Handoffs in wireless networks are typically handled by hard handoffs, as in global system for mobile communications time-division multiple access systems, and by soft handoffs, as in IS-95 CDMA systems. In both schemes, the detection efforts from only one base station are exploited in data transmission and reception with a mobile site, even though the soft handoff scheme allows multiple base stations to compete based on the signal strength in the linkage.
In this section, we describe a handoff scheme that combines the received signals from all base stations to make more intelligent decisions. This scheme is called fusion handoff, because it applies the data fusion principle to perform distributed signal detection among multiple base stations. Before deriving the fusion handoff, we briefly depict the hard and soft handoffs and give their error probability performance. Their outage probabilities have been studied in detail in Ref. 1 , from which we borrow the results for reference.
Hard Handoff
Hard handoff prescribes that only a single cell's pilot is being tracked at any one time, and that the handoff between cells is performed at the cell boundary. Without shadowing, the minimum power that is required from the mobile's transmitter to overcome background noise is proportional to 10m log r measured in decibels. With the normalized cell radius rϭ1, this common term is eliminated at the boundary. Due to the shadowing component , a minimum margin power ␥ needs to be increased to guarantee the same performance most of the time. The desired performance will be achieved whenever the shadowing attenuation р␥.
Thus the outage probability is
where Q͓•͔ is a complimentary error function defined by
By the optimal detection theory, the probability of error of binary transmission is given by
when free of the shadowing effect. When evaluating the error performance in the presence of shadowing, the symbol energy E o is replaced by its instantaneous value E i , and the probability of error is averaged over the probability distribution of E i , yielding
Ϫx/20 ͬͮ .
͑6͒

Soft Handoff
Soft handoff occurs throughout a range of distances from the two base stations. At any given time, or for any given frame or packet, the better of the two base stations' receptions will be used at the switching center. 1 We assume for simplicity that this depends only on attenuation. Thus, the margin ␥ needs only to satisfy the outage probability requirement min( 1 , 2 )р␥, 1 leading to
͑7͒
The error probability induced by soft handoff is given by ͑see Sec. 6.1͒ 
Fusion Handoff
Instead of picking the detected symbol from one of the base stations with a stronger received signal strength, the signal detection accuracy can be improved if sufficient statistics from both stations are used for detection. We develop a fusion handoff scheme in which the signals from both stations are linearly combined, reducing the detection error compared with the soft or hard handoff.
To facilitate the development of the fusion handoff, we introduce a real-valued representation for the transmitted symbol sϭd, and break down the point-to-point signal detection process into two steps. Firstly a prequantized symbol estimate ŝ is generated from the sufficient statistics y based on a certain optimization rule. The transmitted message signal d is then estimated by a quantization operation d ϭsgn(ŝ). In the fusion handoff, the fusion site collects the sufficient statistics y 1 and y 2 from both connected base stations, and finds a fused estimate ŝ accordingly, using the data fusion principle. The detail is described next.
At each base station, ŝ is estimated by the maximum a posterior ͑MAP͒ rule as follows: With the fusion approach, the prequantized message data ŝ is decided from the two sufficient statistics y 1 and y 2 in the following manner ͑fusion rule͒:
which entails a reduced estimation variance
Note that the combining rule in Eq. ͑11͒ requires the knowledge of both the sufficient statistic y i and the signal energy E i received at all base stations. In the existing soft handoff mechanism used in current CDMA cellular systems, both quantities are readily available at base stations, but only the signal energies E i , in addition to local decisions x i , are communicated to the switching center. The proposed fusion handoff requires transmission of y i instead of x i to the switching center for fusion processing, which may take up additional communication bandwidth. Since the linkage between base stations and switching centers is wired, such extra bandwidth consumption does not incur any resource constraints to wireline communications. Define Using Eq. ͑4͒, the sufficient statistic for fusion handoff can be expressed by
The equivalent background noise level now becomes
which is less than n 2 , as illustrated next: The outage event happens when
Therefore, the equivalent shadowing
which is less than min͕ 1 , 2 ͖. Accordingly, the outage probability in fusion handoff is given by ͑see Sec. 6.2͒:
Ϫͱ2by/10 ͒ a ͬͮ .
͑18͒
The error performance in fusion handoff, by derivation, is ͑see Sec. 6.3͒ ͬͮ .
͑19͒
Given the same system parameters E o , n , , it can be proven that
͑20͒
Equality in Eq. ͑20͒ holds only when bϭϱ, which indicates that the signal power attenuation is cell related (b 0) and the propagation loss uncertainty is infinite ͑ϭϱ͒. This is an unlikely situation, which excludes diversity gain from multiple base stations.
For the general case in which a mobile is not located at the boundary, there are two distances r 1 and r 2 associated with the propagation loss at the two serving BSs. The ana-lytical results in Eqs. ͑5͒-͑8͒ for hard and soft handoffs, 1 and Eqs. ͑16͒ and ͑19͒ for fusion handoffs can be generalized, as shown in Tables 1 and 2 .
Performance Evaluation
It is important to understand how different handoff schemes perform under various systems and wireless link conditions. The probability of error describes the statistical error performance in a shadowed propagation channel. The probability of outage is then defined to be the chance that the shadowed error performance cannot meet the desired performance level. The outage probability refers to the chance that, with an additional margin power, the shadowed signal power falls below the unshadowed signal power without fading margin. The following observations are made accordingly.
• The shadowing effect comes from the difference between the probability of error derived in the appendix and the unshadowed error probability assuming E i ϭE o . The probability of outage is solely determined by the path loss parameters i . • A lower outage probability means less unacceptable quality, but not necessarily better quality, which is determined by the probability of error in the shadowed propagation model. Probability of error is determined by the transmission power P i , including the reference power P o and shadowing i . Different handoff schemes may achieve the same outage probability but different error probability.
For different handoff schemes, we look into how the system performance measures, such as outage probability, shadowed error probability, required margin power, and coverage, are related, given the same transmission power. In a typical cellular system, experiment data 4 suggest the choice of ϭ8 dB for standard deviation of the log-normal shadowing. We may reasonably assume that the near-field and base-station specific propagation uncertainties have equal standard deviations, i.e., aϭbϭ1/ͱ2. For ϭ5 dB and aϭbϭ1/ͱ2, we compare the link performance of using different handoff schemes in the following cases.
Outage Probability and Margin Power
Assume the desired performance can be obtained in unshadowed propagation using a reference transmission power of P o . When the same outage probability is achieved, the required margin powers are ␥ HH , ␥ SH , and ␥ FH for the three handoff schemes, respectively. It can be shown that
Equality holds only when bϭ0. The relationships between outage probability and margin power are illustrated in Figs. 1 and 2 . In Fig. 1 , we plot the outage probabilities versus the cell radius given the same margin power ␥/ n 2 ϭ5 dB. With this margin power, we also compare the error probabilities using the same reference transmission power to noise ratio E o /Nϭ5 dB. In Fig. 2 , we compare the required margin powers and the Ϫby/10 ͒ ͬͮ required transmission power to noise ratio E o /N when the performance requirements are fixed at P e ϭ0.01, P out ϭ0.1. Both examples show that the fusion handoff schemes reduce the outage probability without increasing the margin power, and the error performance can be improved without increased power resources.
Coverage
To consider cell coverage, let the ratio of the handoff distance to the cell radius to be r i 1. To examine the cell area increase, we use the hard handoff as the baseline. Assume the desired call quality can be achieved at rϭ1 using a reference transmission power P o and margin power ␥. With the same power constraints, the soft and fusion handoffs will be able to achieve the same outage probability with an increased call radius r SH and r FH , respectively. They are chosen such that the following two equalities hold:
Ϫbx/10 ϩ10 Ϫby/10 ͒ ͬͮ .
͑23͒
It can be proven that
The relative coverage is proportional to r 2 . The achievable error probabilities now become Tian and Chang: Multistation data fusion . . .
which can be obtained from Table 2 . The outage probability is not directed related to the probability of error. However, the error probabilities of different handoff schemes are expected to be close to one another even though the added margin powers are different. Figure 3 compares the achievable coverage versus margin power for the same performance requirement P out ϭ0.1. The achievable P e for E o /Nϭ5 dB are also plotted. It can be shown that the fusion handoff can improve cell coverage without losing the outage rate. Even at a larger cell boundary, the use of fusion handoff can maintain low error probability without increasing the transmission power.
Handoff Sensitivity and Handoff Region
The fusion handoff scheme improves the call quality at the cell boundary. When the mobile user moves much closer to one of the base stations, the symbol detection relies more heavily on the signal received by the closer base station, hence the performance improvement offered by either soft or fusion handoffs becomes less significant, and eventually fades out. The handoff region can be described by the sensitivity of the outage probability with respect to the mobile position (r x ,r y ). Since the mobile is no longer at the boundary, its distances to the base stations, r i (r x ,r y ), i ϭ1,2, become asymmetric. The path loss at each link becomes M i (r x ,r y )ϭ10m log r i (r x ,r y )ϩ i dB, and P i,dB ϭ P o,dB ϪM i . Define r dB,i ϭ10m log r i . For simplicity, we assume r 1 Ͻr 2 and r 1 ϩr 2 ϭ2rϭ2. The performance improvement becomes less significant when Fig. 3 (a) Relative coverage versus margin power (P out ϭ0.1, E o /Nϭ5 dB) and (b) relative coverage versus achievable error probability (P out ϭ0.1, E o /Nϭ5 dB).
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where P out (␥,r 1 ) is decided by the chosen handoff schemes, be it soft or fusion handoff, and ⑀ is a prescribed small value close to 0.
In Fig. 4 , we plot the outage probability when the mobile is moving away from one base station to the other along the line between these two stations. Using the same margin power ␥/ n 2 ϭ5 dB, it is indicated that the improvement in outage probability is not significant when r 1 Ͻ0.6, or the mobile is 50% closer to one of the base stations. The handoff gain becomes the largest at the boundary (r 1 ϭr 2 ϭ1).
Correlations
Mobile-related shadowing correlation plays an important role in the fusion process. Without correlation, multiple stations will provide independent information about the mobile symbols, thus improve the call quality. The correlation, on the other hand, reduces the information content. In Fig.  5 , we compare the outage probability with respect to the mobile-specific shadowing parameter a 2 for a given margin power and cell size. a 2 ϭ1 means coherent shadowing, and a 2 ϭ0 means independent shadowing between cells. The advantage offered by using a 2 ϭ0 over nonzero a 2 provides motivations for decorrelated fusion schemes.
Overall, the fusion handoff offers better coverage and requires lower margin power to achieve the same link quality performance in terms of outage and error probabilities. On the downside, the fusion process requires signal detection at the switching center instead of at each base station. Since the computation is more centralized, the storage and computational loads of the switching center are increased. On the other hand, the cell size becomes very small in microcell networks, especially in PCS systems; the base stations should be inexpensive. With base stations reduced to just antennas, the signals are sent to the switch through a fiber link even before any demodulation. The overhead required for fusion become less significant.
Summary
We propose a fusion handoff scheme that utilizes received data from multiple base stations to improve the overall detection quality. A fusion handoff strategy is designed, in which the signal detection relies on the received data from multiple stations to recover the transmitted signal, using appropriate fusion rules. Performance gain is achieved by optimal combining of the information diversity distributed among different base stations. The link performance of the resulting fusion handoff scheme is evaluated analytically. Fade margin analysis shows that the individual reverse link performance can benefit from selective diversity offered by fusion handoff, but the result lacks the analysis at the system level.
Appendix: Miscellaneous Derivations of Equations
Probability of Error for Soft Handoff
In digital binary communications, the transmitted symbol d is randomly distributed between 1 and Ϫ1 with equal probabilities. The received signal yϭͱEdϩn is used as a sufficient statistic for symbol detection, which operates on the following optimal decision rule:
Accordingly, the detection error is given by P e͉connected ϭPr(yϽ0͉dϭ1). The probability density functions ͑PDF͒ of n is
where n 2 ϭN/2. It has been well established that, given a specific signal energy level E, white Gaussian noise renders Pr͑ yϽ0͉dϭ1 ͒ϭQ͓͑2E/N ͒ 1/2 ͔. Tian and Chang: Multistation data fusion . . .
In soft handoffs, the network uses the detection results from the stronger link. This philosophy is reflected in the error probability performance by
Notice that 
Since uϭvw, it can be shown that
Assume the power margin is ␥ dB. The outage probability associated with y FH can be expressed by Expressing ␥ F as a function of 1 and 2 , we obtain 
Probability of Error for Fusion Handoff
The fusion output statistic is denoted by u 1 ϭͱu, whose probability distribution is related to that of u by
The noise term n is Gaussian with variance n 2 . Accordingly, we have The error probability in the fusion approach is ͬͪ .
This completes the derivations.
